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Clonal ginbuna crucian carpLittle is known about antigen-speciﬁc T-cell responses to viruses in teleosts due to a lack of a suitable
experimental system using inbred or clonal animals. In the present study we have successfully induced an in
vitro generation of virus-speciﬁc cytotoxic T-cells (CTLs) from isogeneic ginbuna crucian carp. Responder
cells (primarily lymphocytes) from crucian carp haematopoietic necrosis virus (CHNV)-infected ﬁsh were
capable of proliferating after stimulation in vitro with CHNV-infected syngeneic stimulator cells (primarily
lymphocytes and macrophages). The effector cells collected 8 and 12 days after the in vitro stimulation
efﬁciently lysed CHNV-infected syngeneic cells, but not CHNV-infected allogeneic cells or different virus
(EVA)-infected syngeneic cells. Furthermore, in situ hybridization analysis showed that some effector cells
binding to a CHNV-infected target were TCRβ or CD8α positive. These results provide evidence that the
teleost effector cells generated in vitro correspond to virus-speciﬁc CTL and they recognize virus-infected
target cells in a similar manner of mammalian counterparts.
© 2009 Elsevier Inc. All rights reserved.IntroductionIn mammals, CD8-positive cytotoxic T lymphocytes (CTLs) provide
a critical arm of the adaptive immune system in the control of viral
infections (Oldstone, 1987; Doherty et al., 1992). Virus-speciﬁc CTL or
helper T-cells (Th cells) recognize a viral antigen presented on the
major histocompatibility complex (MHC) class I on all nucleated cells
and MHC class II on antigen presenting cells (APC), respectively. The
virus-speciﬁc CTLs are then clonally expanded with help from
cytokines secreted by Th cells (Russell and Ley, 2002). Whether or
not similar induction of virus-speciﬁc CTLs occurs in teleosts is still
unclear.
Teleosts are primitive vertebrates with an adaptive immune
system, and exhibit immunological memory (Warr, 1997; Nakanishi
et al., 2002). T-cell marker genes, such as T-cell receptor (TCR), CD3,
CD8, and CD4, as well as MHC have been identiﬁed in several ﬁsh
species, and their structures are similar to those to mammals (Hansen
and Strassburger, 2000; Kulski et al., 2002; Stet et al., 1998; Nam et al.,
2003; Araki et al., 2005; Laing et al., 2006; Dijkstra et al., 2006;
Suetake et al., 2006). In cellular functional studies related to CTL, allo-
antigen-speciﬁc cytotoxic responses have been well documented in
several ﬁsh species (Hasegawa et al., 1998; Somamoto et al., 2004;mamoto).
ll rights reserved.Fischer et al., 1998, 2003, 2006). Developments with in vitro culture
systems for catﬁsh lymphocytes have facilitated progress in charac-
terizing allo-antigen-speciﬁc CTL (Stuge et al., 1997, 2000; Shen et al.,
2002) but in ﬁsh virus-speciﬁc CTL functions have been poorly
characterized for want of in vitro culture systems for generating CTL.
Such culture systems would be invaluable to facilitate research on
antigen-speciﬁc T-cell responses to ﬁsh pathogens.
Inbred or clonal animals are essential for the study of CTL because
antigen recognition and killing by T-cells is genetically restricted by
MHC. The clonal triploid ginbuna crucian carp, a naturally occurring
gynogenetic ﬁsh, is a useful model animal for studying cell-mediated
immunity (Nakanishi et al., 2002; Nakanishi and Okamoto, 1999).
Using the ginbuna carp and cell lines established from clonal ginbuna
carp strains, we have demonstrated that speciﬁc cell-mediated
cytotoxicity of leukocytes can be induced as a result of infection
with crucian carp haematopoietic necrosis virus (CHNV) (Somamoto
et al., 2002, 2006). In addition, an adaptive transfer study has shown
that in vivo priming effector cells provide a protective effect of CHNV-
infected ﬁsh (Somamoto et al., 2002). Although these studies suggest
that experimental system comprising of crucian carp and CHNV
contributes to the understanding of anti-viral cell-mediated immu-
nity, it remains unclear if the cytotoxic effector cells expanded by
viral-antigen stimulation correspond to virus-speciﬁc CTL. In the
present study, we describe, for the ﬁrst time in teleost ﬁsh, in vitro
generation of viral-antigen dependent cytotoxic cells induced by in
Fig. 2. Proliferation of responder cells after in vitro stimulation with uninfected and
virus (CHNV; immunogen, EVA; non-immunogen)-infected syngeneic or allogeneic
stimulator. Responder cells from CHNV-infected or control ﬁsh were co-cultured with
stimulator cells at 5:1 of responder:stimulator cell ratio for 6 days. The results are
presented as a mean of four individuals and brackets show standard deviation.
Statistical signiﬁcance was analysed by a one-way ANOVA and Tukey. Means with
different letters are signiﬁcantly different (pb0.05).
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remains to be determined if the effector cells responsible for the lysis
of virus-infected syngeneic cells are CD8-positive CTL.
Results
Proliferation of lymphocytes by in vitro stimulation with virus-infected
lymphoid cells
As shown in Figs. 1 and 2, PBLs, which were used as the responder
cells, proliferated after in vitro stimulation with CHNV-infected
stimulator cells but not with uninfected ones. The proliferative
response reached a peak at 6 days after the stimulation. The responder
cells from CHNV-infected ﬁsh exhibited higher proliferative activity
than responder cells from control ﬁsh (Fig. 1). The proliferative
activity of the responder cells sampled at 6 days after stimulationwith
virus-infected syngeneic stimulator was signiﬁcantly higher than that
of responders stimulated with uninfected syngeneic and EVA (eel
rahbdovirus)-infected syngeneic ones (pb0.001). Conversely, we
found no difference in the proliferation of responders between
treatment with uninfected allogeneic stimulator cells and CHNV-
infected allogeneic ones. Strong proliferation in responder cells was
induced by mixed leukocyte reactions (MLR) (Fig. 2). Responder cells
from control ﬁsh (injected with PBS) exhibited a weak proliferative
activity by stimulation with CHNV and EVA-infected stimulator,
though the activities were signiﬁcantly lower than that of CHNV-
infected ﬁsh. 3H-thymidine incorporation of infected and uninfected
stimulator cells alone were less than 800 cpm, and were not increased
during the culture (data not shown), indicating that the stimulator
cells did not propagate after the viral infections.
The virus titers of culture supernatant from infected stimulator
alone were increased to 3.6 (CHNV) or 3.6 (EVA) log10 TCID50/ml at
24 h post-infections, and to 4.5 (CHNV) or 4.3 (EVA) log10 TCID50/ml
at 48 h post-infections, although CHNV and EVA were not detected in
culture supernatants that were immediately harvested after removal
of unabsorbed viruses. These results indicate that the stimulator cells
are actually infected with CHNV and EVA.
Cytotoxic activities of in vitro generated effector cells against
virus-infected target cells
Cytotoxic activities of cultured PBL effectors against virus-infected
target cells are shown in Figs. 3 and 4. The effectors collected 6 and
12 days after stimulation exhibited signiﬁcantly higher cytotoxicFig. 1. Proliferation of responder cells upon co-culture with CHNV-infected or
uninfected syngeneic stimulator cells. Responder cells from CHNV-infected (circle) or
control ﬁsh (triangle) were stimulated with CHNV-infected stimulator (black) or
uninfected stimulator (white). The results are presented as a mean of four individuals
and brackets show standard deviation.activity against CHNV-infected syngeneic target cells than against
uninfected cells (pb0.05). Activity increases with time of the culture.
The effectors did not efﬁciently lyse uninfected syngeneic targets
(Fig. 3).
In order to investigate speciﬁcity of the target-recognition by the
effectors, cytotoxic activities of the effectors stimulated with CHNV-
infected stimulator were measured using EVA-infected syngeneic
(CFS) and allogeneic targets (CFK cells). The signiﬁcant cytotoxic
activity was detected only against CHNV-infected syngeneic targets.
No signiﬁcant difference was observed between the activities against
uninfected allogeneic targets and CHNV-infected ones (Fig. 4).
In addition, there is no signiﬁcant difference between spontaneous
release of infected and uninfected target cells. The spontaneous
releases of all experiments were less than 15% of maximum release.
Expression of CD8α and TCRβmRNA in responder cells after contact with
virus-infected stimulator cells
To examine whether or not T-cells in the responder cell group are
activated after contact with virus-infected stimulator cells, the
expression proﬁles of TCRβ, CD8α, and β-actinmRNA in the responderFig. 3. Cytotoxic activities of cultured effector cells collected at various days against
uninfected and infected CFS cells. Cytotoxic activities were measured at 50:1 of effector:
target cell ratio. The results are presented as a mean of four individual cultures and
brackets show standard deviation. Asterisks indicate signiﬁcant difference compared to
cytotoxicity against uninfected CFS cells (Student's t-test: pb0.01).
Fig. 4. Cytotoxic activities of cultured effector cells against uninfected and virus
(CHNV; immunogen, EVA; non-immunogen)-infected CFS cells or CFK cells. The
effector cells were collected at 12 days after in vitro stimulation. The results are
presented as a mean of four individual cultures and brackets show standard deviation.
Asterisks indicate signiﬁcant difference compared to cytotoxicity against uninfected
CFS cells (Student's t-test: pb0.01).
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TCRβ and CD8α mRNA in the culture signiﬁcantly increase 6 or 12 h
after co-cultivation with virus-infected syngeneic stimulator. By
contrast, there is no signiﬁcant difference in the expression levels
of β-actin genes between stimulation with CHNV-infected and
uninfected stimulator cells (Fig. 5). The expression levels of these
genes in the stimulator cells remain unchanged throughout 24 h
culture when only uninfected or CHNV-infected stimulators were
cultivated (data not shown).Fig. 5. Quantitative expression proﬁles of TCRβ, CD8α, and β-actin mRNA after co-cultivat
obtained from four ﬁsh, are presented as mean (±standard deviation) copies of target gene
plasmid cDNA ranging from 106 to 102 copies and appropriate non-template controls. In all
melting peaks were observed, ensuring ampliﬁcation speciﬁcity (data not shown). Asterisks
uninfected stimulator (⁎pb0.05).Morphological observation of the cultured cells and identiﬁcation of
CD8α- and TCRβ-expressing cells by in situ hybridization
PBLs from CHNV-infected ﬁsh (responder cells) comprise 78.8±
3.9% (mean±SD) mature lymphocytes (Fig. 6A–I) of which 22.2±
3.6% are TCR-positive and 9.8±2.6% are CD8α-positive cells. No
lymphoblast-like cell was observed before the incubation. The
cultured cells sampled 4 days after CHNV-stimulation are composed
62.6±7.5% of lymphoblast-like cells, and contain some cells at M-
stage (Fig. 6B-I). The cells consist of 67.6±4.1% TCRβ and 38.7±1.4%
CD8α positive cells, indicating that CD8α or TCRβ positive cells were
increased after the in vitro stimulations (Fig. 6B-II). The cultured cells
collected at 12 days post-incubation were composed of 100% mature
and immature lymphocytes. The number of cells which were cultured
for 12 days was increased 1.4–2.5 times in comparison to initial
number of responder cells.
Characterization of effector cells bound to virus-infected syngeneic
target cells
Mature and immature lymphocytes were dominant cell types in
effector cells sampled 12 days post-stimulation (data not shown). CFS
cells used as targets are ﬁbroblast-like cells (Fig. 7A). The majority of
effector cells bound to the targets are lymphocytes (Fig. 7B),
expressing TCRβ or CD8α (Figs. 7D and E). By contrast, RT-PCR
(data not shown) and in situ hybridization analysis (Figs. 7C and D)
indicate that CFS cells do not express CD8 or TCR mRNA.
Discussion
Functional studies of virus-speciﬁc CTL at the cellular level have
been hampered in ectothermic vertebrates by lack of suitable assay
systems. Recently, Morales and Robert (2007) have demonstrated
responses of memory CD8-positive T-cell against ranavirus in frog,ion with responder and stimulator cells generated by real-time PCR. The results, were
per well. Each sample was run in duplicate, together with known dilutions of respective
quantitative real-time PCRs, melting curve analyses were performed and single speciﬁc
indicate that the copy number is signiﬁcantly higher than that of the co-cultivationwith
Fig. 6.Morphological and in situ hybridization analyses of responder cells. Smears stained with Giemsa are shown in Panel A-I (unstimulated responder cells) or Panel B-I (responder
cells collected 4 days after in vitro stimulation). In situ hybridization analyses of responder cells with RNA probes for TCRβ or CD8α are shown in Panel A-II (unstimulated responder
cells) or Panel B-II (responder cells collected 4 days after in vitro stimulation), respectively. Arrows indicate TCRβ or CD8α-positive cells. All scale bars indicate 30 μm.
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CD8-positive T-cell proliferation in the lower vertebrates. It has been
reported that CTL activity against viral antigens in teleosts can be
induced following in vivo sensitization (infection with virus or DNA-
immunization with DNA vectors encoding viral proteins) (Fischer
et al., 2006, Somamoto et al., 2000, 2002, 2006; Utke et al., 2007,
2008), suggesting that virus-speciﬁc cytotoxic cells of ﬁsh have
functional similarities to mammalian CTLs. These studies imply that
anti-viral T-cell mediated immunity in primitive vertebrates is both
highly speciﬁc and complex. However, the interaction among CTL,
helper T-cells (Th cells), and antigen presenting cells (APC) during
generation of virus-speciﬁc CTL is only incompletely understood. In
the present study, we have reported for the ﬁrst time inducing an in
vitro generation of virus-speciﬁc CTL by stimulationwith viral-antigen
presenting cells. Thus, this ginbuna carp model system would beavailable to investigate the cell-network in anti-viral adaptive
immunity of ectothermic vertebrates.
Although previous studies show that antigen-dependent cytotoxic
cells from teleosts can be generated by in vitro stimulation with
allogeneic cells (Stuge et al., 1997; Somamoto et al, 2004), there has
been no report describing in vitro generation of viral-antigen
dependent cytotoxic cells in teleosts. The present study demonstrates
that responder cells from infected ginbuna carp can efﬁciently
proliferate after re-stimulation with virus-infected syngeneic stimu-
lator cells that presumably contain APC. Furthermore, the cytotoxic
activities of the cultured cells are enhanced after co-culture with the
stimulator cells. The proliferative responses of control responder cells
from ﬁsh injected with PBS were also detected by the in vitro
stimulation with both of viruses (CHNV and EVA). As no signiﬁcant
difference was found in the response induced by the stimulation with
Fig. 7.Morphological and in situ hybridization analyses of effector cells binding to target
cells. Only target cells (CHNV-infected CFS cells) stained with Giemsa are shown in
Panel A. Effector cells binding to targets stained with Giemsa are shown in Panels B and
C. In situ hybridization analyses of effector cells with antisense RNA probes for TCRβ or
CD8α are shown in Panels D or E, respectively. Arrows indicate effector cells or target
cells. Scale bars indicate 30 μm (A) or 10 μm (B-E).
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unsensitized cells is antigen-independently induced. In this phenom-
enon we could not further speculate what causes the proliferation in
the present study. On the other hand, since the proliferative activities
of sensitized responder cells were signiﬁcantly higher than that of
unsensitized cells, the activities of the responder cells from infected
ﬁsh are regarded as viral-antigen dependent. Also, when the
responder cells are stimulated with CHNV-infected allogeneic stimu-
lator, only MLR-dependent activation was induced by in vitro
stimulation. Thus, these results suggest that virus-speciﬁc T-cells
from ginbuna carp cannot recognize viral antigens presented by
allogeneic APC, and their recognition involves MHC class II molecules.
A majority of the cells sampled 4 days after CHNV-stimulation
were morphologically similar to lymphoblast cells that usually appear
in PHA- or ConA-stimulated culture. 38 and 67% of the cultured cells
are CD8α- or TCRβ-positive, respectively, indicating that proportions
of CD8α and TCRβ positive cells are increased from the initial
population. Thus, the result suggests that CTLs propagate during the
CHNV-stimulated culture. Real-time PCR analyses indicate that
expression levels of CD8α or TCRβ mRNA in cultured lymphocytes
are up-regulated after contact with CHNV-infected stimulator,
suggesting that T-cells in the responder cells are activated by
recognition of viral antigen presented on the stimulator cells. These
results collectively suggest that the stimulation by CHNV-infected
syngeneic stimulator can induce expansion of CHNV-speciﬁc CTLs and
this method is effective to generate CTLs in vitro.
Several reports have described that virus-speciﬁc cell-mediated
cytotoxicity of trout and ginbuna carp is induced through in vivo
sensitization (Fischer et al., 2006; Somamoto et al., 2006). Our
previous studies have shown that leukocytes from CHNV-infected
ginbuna carp speciﬁcally kill CHNV-infected syngeneic targets
(Somamoto et al., 2002). The present study shows that the effector
cells generated in vitro recognize CHNV-infected syngeneic cells but
not CHNV-infected allogeneic cells or heterologous (non-immunogen)virus-infected syngeneic cells. Recently, we have conﬁrmed that CFS
cells, which are syngeneic to the S3n strain of ginbuna carp, express a
putative classical MHC class I (unpublished data). We therefore
suggest that the cultured effector cells obtained in this study recognize
virus-infected cells in a viral-antigen speciﬁc and MHC-restricted
manner. To further elucidate the target-recognitionmechanisms ofﬁsh
CTL, future studieswill need to examinewhether CD8 and TCR actually
interact with MHC class I molecule on the virus-infected target cells.
Although previous work has demonstrated that expression proﬁles
of TCRβ and CD8α mRNA correlate with speciﬁc cell-mediated
cytotoxic activity in ginbuna crucian carp (Somamoto et al., 2006),
the cell types responsible for the speciﬁc cell-mediated cytotoxicity
have remained to be characterized. Here we show, by observations of
Giemsa stained cells and in situ hybridization analysis, that the
effector cells bound to virus-infected targets are CD8α- or TCRβ-
positive lymphocytes. These results indicate that CTL are one of the
effector cells responsible for elimination of virus-infected syngeneic
cells in ﬁsh, while we cannot neglect the possibility that CD8α-
positive effector cells contain the cells other than CTLs because CD8α
are expressed by some γδ T-cells and NK cells in mammals (Boismenu
and Havran, 1998; Perussia et al., 2005). Stuge et al. (2000) reported
that clonal alloantigen-dependent cytotoxic cells established from
catﬁsh PBLs are composed of cells with various phenotypes, such as
several NK-like cells and CTL. Since the effector population obtained in
the present study presumably contain cytotoxic cells with various
phenotypes, it would be necessary to establish the clonal cell lines to
identify various subpopulations of the anti-viral cytotoxic cells from
ginbuna carp. Establishment of anti-viral cytotoxic cell lines would
provide us a key to understand of phylogeny of anti-viral cytotoxic
cells. For this aim clonal triploid ginbuna carp should contribute to
clarify in vivo functions of the cytotoxic cells, because it is easy to trace
donor cells from triploid ﬁsh in the tetraploid ﬁsh using a model
systemof clonal triploid ﬁsh and ginbuna–goldﬁsh hybrids (Kobayashi
et al., 2006).
Viral diseases are a serious problem in ﬁsh farming, causing heavy
economic losses globally. Innate immune responses to virus, such as a
production by type I IFN and Mx, have been documented in several
ﬁsh species (Leong et al., 1998; Phelean et al., 2005; Zou et al., 2007),
indicating that they play an important role for controlling viral
replication in an early stage of infections. By contrast, little is known
about adaptive cell-mediated immunity to virus in ﬁsh, although
elucidation of adaptive immunity can potentially lead to development
for effective vaccines. Many lines of molecular data related to T-cell
immunity have been accumulated during the recent 10 years, and
consequently, cytokine genes, IFN-g, IL-2, and IL-12, which lead to a
dominant Th1-type immune response have been found in several ﬁsh
species (Yoshiura et al., 2003; Bird et al., 2005; Zou et al., 2005). These
ﬁndings reveal that ﬁsh utilize the highly-sophisticated T-cell
mediated immunity comparable to those of mammals. In addition to
studies demonstrating CTL activities induced by in vivo sensitization
(Somamoto et al., 2002, 2006), we now have in vitro assay system
established for evaluating the proliferative and cytolytic activities of
virus-speciﬁc T-cells. Therefore the study using clonal gonbuna carp
and CHNV will contribute to comprehensive understanding of
functions of virus-speciﬁc CTL in the primitive vertebrates and
provide knowledge to apply for ﬁsh vaccine development.
Materials and methods
Fish, cell line and virus
Clonal triploid ginbuna crucian carp (Carassius auratus langsdorﬁi),
an isogeneic strain from Lake Suwa in Nagano prefecture (S3n), were
obtained from the National Research Institute of Aquaculture, Japan.
The ﬁsh were maintained at a temperature of 25 °C and were fed daily
with commercial pellets.
Table 1
Primers used to amplify cDNA for CD8α, TCRβ, and β-actin.
Name Sequence (5′→3′)
For real-time PCR
CD8α-F1 GGAGGTCTGACAGAAATTAAAGGAC
CD8α-R1 GATAGGCTTCGGGTCTGGTTTTTTACAGTT
TCRβ-F1 GCCATCCTAGACAATGCCAC
TCR-R1 GTGCTGAATTCACATAGTTTTCTGGCTCA
β-actin-F1 GGCCAACAGGGAAAAGATGACACAGATCA
β-actin-R1 AACCCTCGTAGATGGGCACAGT
For cRNA probe
CD8α-F2 CCGGCGTCATTACATTCTGGTTTC
CD8α-R2 TGTTCATGGCTGCGCAGGTG
TCRβ-F2 GTTCAGCATATCCAGCAGACTTCAA
TCR-R2 CATCCACTGTGCTGAATTCACATAG
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K1 strain) from ﬁn of ginbuna crucian carp were used as target cells
(Hasegawa et al., 1998). They were maintained as described by
elsewhere (Hasegawa et al., 1997). The origin of these cell lines was
conﬁrmed with DNA ﬁngerprinting (Hasegawa et al., 1998).
As described in previous reports (Somamoto et al., 2002), crucian
carp haematopoietic necrosis virus (CHNV) and Eel Virus American
(EVA), belonging to rhabdoviridae, was inoculated into the CFS cells
growing in Eagle's minimal essential medium (MEM, Nissui, Japan)
supplemented with 2% fetal bovine serum (FBS, Gemini Bio-Products
Inc., USA).
Proliferation assay of responder cells upon stimulation with
CHNV-infected syngeneic cells
Preparation of responder cells
Peripheral blood leukocytes (PBL), enriched in lymphocytes were
used as responder cells. S3n clone ﬁsh, weighting 40–65 g, were
infected twice with 106 TCID50 of CHNV by i.p. injection. The
secondary infection was carried out 3 weeks after primary infection.
Control ﬁsh were injected with phosphate buffered saline (PBS) under
the same conditions. The ﬁsh were bled from the caudal vein into
heparinized syringes 21 days after the ﬁnal infection. The blood
samples were probably free of CHNV, because the previous report
indicated that CHNV in PBLs were completely eliminated from CHNV-
infected ﬁsh within 2 weeks after the infection (Somamoto et al.,
2002). The blood samples were laid onto Percoll (Pharmacia) density
gradient of 1.08 g/ml and centrifuged at 350 ×g for 20 min at 4 °C to
separate PBL. PBL were washed twice with OPTI-MEM (Gibco)
supplemented with 1.4 mM sodium bicarbonate (NaHCO3), 50 units
(U)/ml penicillin and 50 μg/ml streptomycin and then resuspended in
OPTI-MEM supplemented with 2% heat-inactivated ginbuna serum
(OPTI-2). The viability of the cells, which thereafter served as effector
cells, was judged greater than 95% by the trypan blue dye exclusion.
Preparation of stimulator cells
Kidney cells, primarily macrophages or lymphocytes, obtained
from naive S3n or OB1 ﬁsh clones were used as stimulator cells. The
kidney cells were isolated by pressing the tissues through a 150-gauge
mesh stainless steel sieve in OPTI-MEM. The cells were washed with
OPTI-MEM before layering onto Percoll density gradient of 1.08 g/ml,
and centrifuged at 350 ×g for 20 min at 4 °C. The cells were collected
and washed three times with OPTI-MEM. They were ﬁnally resus-
pended at a concentration of 5×106 cells/ml with OPTI-2. The cells
were infected with CHNV or EVA at 25 °C for 12 h (M.O.I.=10). They
were incubatedwith 50 μg/ml of mitomycin C (Wako, Osaka, Japan) to
inhibit the proliferation of the stimulator cells and then washed three
times with OPTI-2.
To conﬁrm whether infection of the stimulator cells with CHNV or
EVA has been established, we investigated the virus titers of stimulator
cells after infections. After stimulator cells (5×106 cells/ml) were
infected with CHNV or EVA at 25 °C for 1 h (M.O.I.=10), the cells were
washed three times and resuspended with new OPTI-2. Supernatants
of the cells were harvested 1 (immediate after removal of unabsorbed
viruses), 24 and 48 h after the infections, and their virus titer were
measured by TCID50 assay using CFS cells.
Co-culture of responder cells with stimulator cells
Responder cells (5×105) from infected or PBS-injected ﬁsh were
co-cultured with 1×105 stimulator cells in 200 μl of OPTI-2 in 96-well
ﬂat-bottom tissue culture plates (Nunc, Roskilde, Denmark). The
mixed cells were incubated in a humid atmosphere with 5% CO2 at
25 °C and harvested on the day indicated in Fig. 1. The cells were
pulsed with 18.5 kBq of 3H-thymidine (ICN) and 20 h later harvested
on ﬁlter paper using a semi-automatic cell harvester (Skatron, Lier,Norway). After drying the ﬁlter paper radioactivity was measured in a
liquid scintillation counter (Packard). The results were obtained from
quadruplicate cultures.
Cytotoxic assays of the cultured effector cells
For generation of cytotoxic effector cells, 2.5×106 responder cells
pooled from two S3n ﬁsh were incubated with 5×105 mitomycin C-
treated stimulator cells (from either S3n or OB1) in 0.5 ml of OPTI-2
in 48-well plates (Nunc, Roskilde, Denmark). Each four pools of
responder cells were divided into two aliquots co-cultured with the
infected or uninfected stimulator cells. Only non-adherent cell
population was harvested to use as effector cells. The cells were
incubated for 6 days and then transferred to 24-well plates (Nunc,
Roskilde, Denmark), each well containing 0.5 ml of fresh OPTI-2
medium/well. Cytotoxicity was assayed by the method of Somamoto
et al. (2002, 2006). Target cells (CFS or CFK cells) were seeded in 96-
well ﬂat-bottom microtiter plates (Nunc, Roskilde, Denmark) at 104
cells/well, and allowed to settle in the wells for 6 h. Then 20 μl of
MEM-10 containing 54 kBq of Na251CrO4 (NEN) was added to each
well and the plates were incubated overnight at 25 °C. After washing
3 times with OPTI-MEM, the cells were infected with virus at 25 °C
for 3–4 h (M.O.I.=10). The cells were then washed 3 times with
OPTI-MEM and were resuspended in OPTI-MEM containing 10% FBS
(OPTI-10). Effector cells (5×105 or 2.5×105 cells/well) were added
to each well to a ﬁnal volume of 200 μl. After incubation at 25 °C for
6 h, the supernatants (200 μl) were harvested with an automated
supernatant collection device (Skatron) and radioactivity was
measured using COBRA II auto-gamma counting system (Packard
Instruments). Effector cells from each individual culture were divided
into pools and tested against uninfected and virus-infected target cells.
Radioactivity of the supernatants from target cells alone and from
target cells lysed with 10% detergent (7X, ICN Biomedicals) served as
the spontaneous and maximum release controls, respectively. Percent
cytotoxicity was calculated as follows:
Test releaseð Þ− Spontaneous releaseð Þ × 100
Maximumreleaseð Þ− Spontaneous releaseð Þ
Quantitative real-time PCR
Real-time PCR to determine mRNA expression proﬁles of the
responder cells after contact with virus-infected stimulator cells was
performed with a Quantitect™ SYBR® Green PCR kit (QIAGEN) as
previously described (Somamoto et al., 2005). The reverse-transcribed
cDNA template (2 μl for TCRβ and CD8α, 0.1 μl for β-actin) was used
in 20 μl PCR reactions. Expression analysis of CD8α and TCRβ by
real-time PCR was performed with the speciﬁc primer sets listed in
Table 1. Genomic DNA was not ampliﬁed since the sequence of either
32 T. Somamoto et al. / Virology 389 (2009) 26–33the forward or the reverse primer in each pair spans a putative
intron–exon boundary. Ampliﬁcation was carried out as follows:
15 min at 95 °C, 45 cycles of 15 s at 94 °C, 30 s at 55 °C and 30 s at
72 °C. Thermal cycling and ﬂuorescence detection were conducted
using the GeneAmp 5700 sequence detection system (Applied
Biosystems). All samples were run in duplicate. A standard curve
was generated by plotting the threshold cycle (ct) versus a known
copy number for each plasmid template in the dilutions. Statistical
signiﬁcance was analysed by Student's t-test.
Expression analysis of CD8α and TCRβmRNA in responder cells by in situ
hybridization
DNA fragments of TCRβ and CD8α from ginbuna carp were
ampliﬁed using the primer sets shown in Table 1 and cloned into T-
vector. Sense and antisense RNA probes of CD8α and TCRβ were
labelledwith digoxigenin (DIG) (RocheMolecular Biochemicals) using
appropriate RNA polymerase (T7 or SP6). In situ hybridization was
carried out using ISHR Starting kit (Nippon Gene, Japan) according to
the manufacturer's protocol. Responder cells were obtained from one
CHNV-infected ﬁsh and co-cultured with CHNV-infected stimulator
cells. To conﬁrm whether lymphoblast cells generated by in vitro
CHNV-stimulation express CD8α or TCRβ positive, cultured cells that
started to grow colonies were harvested in this experiment. Since the
growth of the colonies was observed 4 days after the in vitro CHNV-
stimulation, stimulated responder cells were collected 4 days after the
stimulation. Unstimulated and stimulated responder cells were
cytospun onto slide glasses, ﬁxed in PBS containing 10% formalin for
10min, washed in DEPC-treated water for 1 min, and then dehydrated
in ethanol for 1 min. Some slides were subjected to Giemsa staining to
determine the proportion of cell type. Proteinwas digested by treating
the smears with proteinase K (2 μg/ml) for 15 min at 37 °C. The slides
were then washed in glycine (2 mg/ml)-PBS buffer for 10 min, and
immersed in acetylation buffer with anhydrous acetic acid for 20 min.
Prehybridization was performed in 50% formamide with 4×standard
sodium citrate (SSC) at 45 °C for 30min. For the hybridization, the cells
were overlaid with 70 μl of antisense and sense mRNA probe solution
(1 μg/ml) and then reacted in a moist chamber at 45 °C for 16 h. After
washing with 4×SSC, the glass slides were kept in RNase-NTE buffer
(20 μg/ml) at 37 °C for 30 min. The slides were blocked with blocking
buffer [1% Blocking Reagent (Roche Molecular Biochemicals) in 0.1 M
Tris–HCl (pH 7.5) and 0.15MNaCl] for 0.5 h. The slides were incubated
for 1 hwith anti-digoxigenin-AP conjugate antibody (RocheMolecular
Biochemicals) diluted at 1:500 in blocking solution. After washing
with Tris–HCl buffer (0.1 M Tris–HCl and 0.15 M NaCl, pH 7.5), 150 μl
of NBT/BCIP solution (Roche Molecular Biochemicals) diluted in
1:200 was reacted for 12–24 h at room temperature in the dark.
Finally the reactions were stopped by immersion of the slides in
10 mM Tris–HCl-1 mM EDTA for 10 min. The percentage of CD8α- or
TCRβ-positive cells and their cell types were determined by counting
a total of 300 cells per a single culture, and shown as the mean value
from triplicate cultures.
Conjugation of effector cells to virus-infected syngenic target cells
To identify which effector cell type conjugate to virus-infected
target cells, the following procedure was performed. Effector cells
were prepared 12 days after in vitro stimulation with CHNV-infected
syngeneic stimulator, and suspended in 200 μL of OPTI-10. CFS cells
(5×105 cells) were seeded in a slide glass, allowed to settle for 6–12 h,
and then infected with CHNV for 3–4 h (M.O.I.=10). The effector cells
(5×105 cells) were added to the glass slide. After incubation for 1.5 h
at 25 °C unbound cells were removed by washing three times with
OPTI-MEM. The samples were examined by light microscopy after
Giemsa staining or in situ hybridization according to the methods
mentioned above.Acknowledgments
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